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Abstract- In this paper the recent progress of active high 
frequency electronics on plastic is discussed. This technology 
is mechanically flexible, bendable, stretchable and does not 
need any rigid chips. Indium Gallium Zinc Oxide (IGZO) 
technology is applied. At 2 V supply and gate length of 0.5 
μm, the thin-film transistors (TFTs) yield a measured transit 
frequency of 138 MHz. Our scalable TFT compact simulation 
model shows good agreement with measurements. To achieve 
a sufficiently high yield, TFTs with gate lengths of around 
5 μm are used for the circuit design. A Cherry Hopper 
amplifier with 3.5 MHz bandwidth, 10 dB gain and 5 mW dc 
power is presented. The fully integrated receiver covering a 
plastic foil area of 3 × 9 mm2 includes a four stage cascode 
amplifier, an amplitude detector, a baseband amplifier and a 
filter. At a dc current of 7.2 mA and a supply of 5 V, a 
bandwidth of 2 - 20 MHz and a gain beyond 15 dB were 
measured. Finally, an outlook regarding future 
advancements of high frequency electronics on plastic is 
given. 
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I. INTRODUCTION 
Today’s electronics is implemented on rigid boards, 
substrates or chips. However, many objects in daily-life are 
not rigid - they are bendable, stretchable and even foldable. 
Examples are paper, tapes, our body, our skin and textiles. 
Until today there is a gap between electronics and bendable 
daily-life items. This gap can be bridged by thin film, 
organic and large area electronics (TOLAE) offering 
bendability, light weight, ultra thin dimensions, 
transparency, stretchability, suitability for large areas, low 
costs, etc. [1].  
The applicability of TOLAE for wireless communications 
is limited by the low speed associated with the low 
mobilities of the used flexible semiconductor materials. 
However, recently, the speed of TOLAE was massively 
increased. Based on IGZO material yielding a mobility of 
15 cm2/Vs, a transit frequency (ft) of approximately 
140 MHz was demonstrated for TFTs [2].  
These recent achievements indicate a novel promising 
research area: Wireless communication systems fully 
integrated on a single ultra-thin, bendable and flexible sheet 
of plastic or paper. Hence, conventional rigid circuit boards 
or chips would not be required any more.  
System and circuit architectures have to be optimized 
taking into account the limited operation frequencies, 
bandwidths and device counts of flexible technologies.  
Due to the advantages of mechanical flexibility, 
bendability, strechability and even transparency, TOLAE 
has the potential for a technical revolution for specific 
wireless applications, where mechanical flexibility is more 
important than performance such as high data rates.  
Examples for such applications are as follows: data 
communications for simple sensor and actuator networks, 
medical and on-body devices, fully flexible broadcast 
radios, smart item tracking, single-use items, and devices 
integrated in textiles. 
One specific application is envisioned in Fig. 1. A future 
band-aid or wound tape could include an organic sensor 
and a flexible transceiver which can send wirelessly 
information about the healing status, possible infections, 
etc. to a server station enabling further processing and 
examination by a doctor.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Radio band-aid: example of an application for flexible and 
stretchable wireless transceivers on thin sheet of plastic 
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Our paper is structured as follows: The international state 
of the art is summarized in Section II. Sections III and IV 
describe the used IGZO technology and the TFT models, 
respectively. A Cherry Hopper RF amplifier and a fully 
integrated wireless receiver chip are presented in Sections 
V and VI. Proposals for advancements as well as 
conclusions are given in Sections VII and IIX. 
 
II. STATE OF THE ART 
In the following we summarize key works in the area of RF 
TFTs, TOLAE and related materials.  
Based on IGZO technology, we have designed a TFT 
compact model [3], several RF amplifiers [4] and a fully 
integrated receiver [5].  
A record speed was achieved with nanocrystalline Zinc 
Oxide (ZnO) TFTs [6]. Devices with 1.2 µm gate length 
(lg) yield a ft of 2.45 GHz and a maximum frequency of 
oscillation (fmax) of 7.45 GHz at 10 V supply. However, 
these TFTs are fabricated on a non-flexible silicon 
substrate. Nevertheless, this work shows the promising 
potential of TFTs. 
At 3 V, an ft of 180 MHz, a transconductance of 7.5 
mS/mm and a mobility of 14.5 cm2/Vs were reported for 
IGZO TFTs [7]. But these devices are just realised on glass.  
IGZO TFTs with lg down to 20 nm structured by focussed 
ion beam (FIB) approaches have been fabricated on rigid Si 
substrate [8], but neither circuits are fabricated nor RF 
performance parameters are given. 
Several ring oscillator circuits were published. A ZnO-
based ring oscillator with 31 ns propagation delay was 
reported in [9]. 
A ring oscillator with signal delays as short as 230 ns per 
stage was demonstrated using organic FETs [10].  
A 3.3 V 6-bit 100 kS/s current-steering digital to analogue 
converter (DAC) using organic TFTs on glass was 
presented in [11].  
To improve the speed, carbon nanotube transistors were 
applied for logic circuits with the vision to be used for large 
area electronics [12]. A switching time of only 12 ns was 
achieved corresponding to a speed of around 100 MHz. 
In [13] an operational amplifier and a digital-to-analogue 
converter were presented. Both circuits are fabricated using 
amorphous silicon TFTs. The operational amplifier 
achieves a gain of 42.5 dB and a unity gain frequency of 
30 kHz at a supply voltage of 25 V. 
An 8 bit organic microprocessor with 4000 transistor was 
implemented on a plastic foil [14]. An integrated organic 
Schottky diode rectifier operating at 13.56 MHz was 
reported in [15]. An organic thin-film RFID tag with 128 
bit and a data rate of 1.5 kb/s operating at 13.56 MHz and 
24 V were published [16-17]. Magnetic fields generated by 
the reader are used for data transmission.  
Transition metal dichalcogenides materials have been 
proposed for the realisation of future devices. Mobilities of 
200 cm2/Vs for MoS2 [18] and up to 250 cm2/Vs for 
tungsten diselenide (WSe2) [19] were reported. Hence, 
flexible transistors with ft values above 1 GHz may be 
feasible in the future. 
Transistors based on ZnO nanowires and WS2 nanotubes 
were investigated in [20]. The ZnO nanowire side-gated 
transistors revealed a very promising mobility of 
928 cm2/Vs.  
Transfer printing techniques capable of transferring entire 
devices from one substrate to another have e.g. been 
published in [21]. A simple and reliable transfer printing 
process for solvent-free deposition of organic 
semiconducting materials using a polydimethylsiloxane 
stamp was developed [22]. This process has the potential to 
realise high mobility films, very small gaps between metal 
electrodes and hence fast FETs with nm gate length. 
Nanoimprint is well-suited for the realisation of flexible 
devices and nanometer-sized structures over large areas. 
Diameters up to 200 mm have been demonstrated [23]. 
Smallest patterns imprinted are a few nanometres [24].  
Several microwave components were realised using 
potentially printable techniques, e.g. a 2.4 GHz antenna 
[25], tuneable ferroelectric filters on organic substrates 
[26], barium strontium titanate varactors [27], all-inkjet 
printed capacitors [28] and ferroelectric capacitors [29]. 
Very fast organic PIN-diodes and rectifier circuits suited 
for frequencies up to 300 MHz were demonstrated [30]. 
The feasibility of three dimensional (3-D) integrated 
organic circuits such as ring oscillators [31] and steerable 
printed antennas [32] were shown. 
An 8-10 GHz ink-jet printed phase shifter circuit with 342 ° 
phase shift range using ferroelectric material (barium-
strontium-titanat) was presented in [33]. 
Companies such as Varta and Enfucell have developed 
ultra-thin primary and secondary batteries on thin-film and 
organic substrates. Theses flexible batteries can be used to 
supply the flexible circuits and systems. 
 
III. USED DEVICE TECHNOLOGY 
In Fig. 2, the structure of the applied IGZO TFTs is shown 
[2]. A polyimide substrate with 50 µm thickness is used. 
The process offers 3 metal layers for interconnections. At 
2 V drain source voltage, an ft of 138 MHz was measured 
for the self-aligned TFTs with lg = 0.5 µm. This high speed 
is maintained even at bending radii down to 3.5 mm. The 
measurements are plotted in Fig. 3. 
To achieve a good yield and moderate process variations, 
TFTs with lg = 5 µm are used for the design of the amplifier 
and receiver presented in Sections VI and VII.  
 
 
Fig. 2. Device structure of the IGZO TFTs 
 
 
Fig. 3. Measured transit frequency of the IGZO TFTs with lg = 0.5 μm 
 
IV. DEVICE MODELLING 
A Rensselaer Polytechnic Institute amorphous TFT model 
template is applied for the TFT compact modeling in ADS. 
The models are extracted by fitting with measured DC, AC 
and S-parameter data. As shown in Fig. 4, a very good 
agreement between measured and modelled DC 
characteristics is achieved. The model is well scalable for lg 
values between 50 μm and 5 μm. The RF accuracy will be 
verified in Section VI. 
 
 
Fig. 4. Comparison of measurements and simulations based on our SPICE 
Level 3 model of the IGZO TFTs 
 
V. RF AMPLIFIER 
We have designed several amplifier ICs to test the RF 
circuit properties of the IGZO devices and the accuracy of 
our TFT models. One example is shown in Fig. 5, which is 
based on the Cherry Hopper concept [4].  
 
 
 
 
 
 
Fig. 5. Circuit schematics and chip photo of the IGZO Cherry Hopper RF 
amplifier 
As depicted in Fig. 6 a gain of 10 dB and a bandwidth of 
3.5 MHz were measured. The RF simulations applying our 
TFT model show good agreement with measurements. 
 
 
Fig. 6. Voltage gain of the IGZO Cherry Hopper RF amplifier 
 
VI. WIRELESS RECEIVER 
We have designed a fully integrated IGZO receiver 
applying amplitude modulation (AM) [5]. To our 
knowledge this is the first fully integrated receiver on 
plastic reported to date. The circuit consists of a four-stage 
cascode amplifier at the RF input, an amplitude detector 
based on a source follower, and a common source circuit 
for the baseband amplification. The circuit schematics and 
the chip photo are depicted in Fig. 7. As illustrated in 
Fig. 8, the measured conversion gain is very flat and 
exceeds 15 dB at a carrier frequency ranging from 2 to 20 
MHz. The 3 dB-bandwidth of the baseband signal covers 
400 Hz to 10 kHz. This band is comparable to the voice 
spectrum and also suitable for low-rate data 
communication. The functionality of the receiver is shown 
in Fig. 9. The receiver draws a moderate current of 7.2 mA 
from a 5 V supply and requires a plastic foil area of 3 × 
9 mm2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Schematics and chip photo of the fully integrated IGZO receiver, 
area: 3 × 9 mm2 
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Fig. 8 Measured conversion gain of the IGZO receiver 
 
 
 
Fig. 9. Measured demodulated waveform of IGZO receiver 
 
VII. ADVANCED APPROACHES  
The transit frequency of TFTs can be approximated by  
 mt gs g g ov
gf =
2 C l l + l
 ,        (1) 
with transconductance gm, gate source capacitance Cgs, 
mobility µ, gate length lg, and gate to source/drain overlap 
lov. This equation reveals the following examples for 
potential speed optimisations:  
 
a. Decrease of gate length 
By means of vertical transistor structures as shown in 
Fig. 10, the distance between the drain and the source, and 
hence lg, can be reduced. An lg of 300 nm was realised in 
our latest work [34]. 
 
b. Increase of mobility 
The mobilities can e.g. be increased by using 2D 
semiconductors such as Molybdenum Disulfide which can 
provide mobilities up to 200 cm2/Vs. For further info we 
refer to [35]. For comparison, the IGZO technology used 
for the circuits presented in this paper provides a mobility 
of 15 cm2/Vs. 
 
c. Circuits 
Architectures have to be applied which can reach high 
frequencies with low speed devices. Concepts architectures 
with frequency multipliers can be considered. Here, passive 
organic diodes which show a speed up to 300 MHz could 
be applied in the RF frontend section [30]. To boost the 
gain and frequencies, controlled positive feedback is 
interesting. 
 
 
Fig. 10. Flexible vertical IGZO TFTs with lg = 300 nm 
 
 
 
 
 
 
 
 
Fig. 11. Molybdenum Disulfide enables higher mobilities 
 
IIX. CONCLUSIONS 
In this paper, the recent performances of RF devices and 
systems on plastic were reviewed. IGZO TFTs yield an ft 
of 138 MHz at 0.5 μm lg. Good TFT compact modelling is 
possible based on a Rensselaer Polytechnic TFT model 
template. With 5 μm lg, amplifiers with a bandwidth of 
3.5 MHz and a gain of 10 dB were measured at 5 mW dc 
power. A fully integrated AM 2-20 MHz receiver was 
demonstrated which provides 15 dB gain and consumes 
only 36 mW.  
These results show that it is possible to realise 
communication systems on a simple sheet of plastic and 
without any rigid chips. This could be a revolution for 
applications such as simple low-cost sensor and actuator 
networks, medical and on-body systems, fully flexible 
broadcast radios, smart item tracking, and devices 
integrated in textiles.  
However, to improve the market potential of these 
TOLAE technologies for RF and wireless 
communications, the speed has to be further improved. 
Corresponding proposals for future improvements were 
outlined.  
 
Let’s go for a revolution by flexible RF solutions! 
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